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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The present invention relates to a semiconduc- 
tor device, and more particularly, to a HEMT (High Elec- 
tron Mobility Transistor) type semiconductor device. 

2. Description of the Related Art 

[0002] A conventional HEMT type semiconductor de- 
vice comprises a semiconductor substrate, a buffer lay- 
er formed on the substrate, a semiconductor well layer 
(i.e., a channel layer or a carrier-flowing layer) formed 
on the buffer layer, a potential barrier layer forming an 
electric potential barrier against the carriers and formed 
on the well layer, and a gate electrode forming a 
Schottky contact and formed on the barrier layer. In the 
semiconductor well layer electrons (so-called two di- 
mensional electron gas) are generated and flow at a 
high electron mobility, or holes (so-called two dimen- 
sional hole gas) are generated and flow at a high hole 
mobility. The substrate and formed layers are made of 
suitable compound semiconductor materials and form 
hetero-junctions at the interfaces between them. For ex- 
ample, the substrate and the well layer (channel layer) 
are of GaAs, InGaAs or InP, and the barrier layer is of 
AIGaAs or AllnAs. 

[0003] Referring to Fig. 1 , a conventional complemen- 
tary HEMT type semiconductor device (C-HEMT) com- 
prises, for example, a semiconductor substrate 51 of a 
semi-insulating GaAs substrate, a buffer layer 52 of un- 
doped GaAs layer, a semiconductor well layer 53 of un- 
doped ln 0 2 sGa 0 75 As layer, and a potential barrier layer 

55 of Al 0 5 Ga 0 5 As, the layers being formed by a contin- 
uous epitaxial growth process. To separate a p-channel 
HEMT and an n-channel HEMT from each other, an iso- 
lation region 61 is formed by ion-implanting B (boron) or 
O (oxygen) ions to the substrate 51 from the top surface. 
On the barrier layer 55 first and second gate electrodes 

62 and 63 are formed as Schottky barrier contacts and 
are surrounded by side-wall insulating films 64 and 65 
of, e.g., Si0 2 , respectively. P-type (electrode) regions 

56 and 57 are formed by selectively ion-implanting p- 
type impurities (e.g., Be) to the buffer layer 52 from the 
top surface by using the first gate electrode 62 and a 
suitable resist pattern layer (not shown) as a mask, and 
n-type (electrode) regions 58 and 59 are formed by se- 
lective ion-implanting n-type impurities (e.g, Si) in the 
layers 52, 53 and 55 by using the second gate electrode 

63 and another suitable resist pattern layer as another 
mask. On the doped regions 56 and 57 p-type elec- 
trodes (not shown) are formed, on the doped regions 58 
and 59 n-type electrode (not shown) are formed, and 
then these electrodes are electrically connected with 
suitable interconnections (wiring layers, not shown) to 



form an electric circuit. 

[0004] In such a C-HEMT, a p-channel (i.e., two di- 
mensional hole gas) is generated in a p-channel region 
53p of a portion of the semiconductor well layer 53 be- 
5 tween the p-type regions 56 and 57 and an n-channel 
(i.e., two dimensional electron gas) is generated in an 
n-channel region 53n of another portion of the semicon- 
ductor well layer 53 between the n-type regions 58 and 
59. 

10 [0005] A C-HEMT having the above-mentioned struc- 
ture corresponds to a complementary lll-V heterostruc- 
ture FET (C-HFET) disclosed in an article by A.I. Akin- 
wandeetal. IEDM90, IEEE, 1990, pp. 983-986. The ar- 
ticle discloses that a p-channel HFET (i.e., p-channel 

15 HEMT) has a threshold voltage of about -0.35 V (see 
Table 2) and an n-channel HFET (i.e., n-channel HEMT) 
has a threshold voltage of about 0.7 V (see Table 1). 
The sum (1.05 V) of the threshold voltages of the p- 
channel HEMT and n-channel HEMT corresponds to a 

20 bandgap of the semiconductor well layer 53. A drain cur- 
rent variation of each of the p-channel HEMT and n- 
channel HEMT, depending on the gate voltage, is ob- 
tained, as shown with a broken line in Fig. 2. 
[0006] The conventional C-HEMT shown in Fig. 1 

25 has, however, relatively high threshold voltages, and 
when absolute values of gate voltages applied on the 
gate electrodes are increased, gate leakage currents 
between the gate and source are generated and in- 
creased, as shown in Fig. 2. In such a case, when a logic 

30 amplitude is increased to maintain a high speed opera- 
tion, the gate leakage current is also increased. Where 
the gate leakage current is suppressed, a gate voltage 
cannot be increased with the result that the high speed 
operation is not sufficiently attained. For example, at a 

35 power supply voltage of 1 .5 V, a no-load gate delay is 
about 230 ps and power dissipation is about 64 [i\NI 
gate, and at a power voltage of 1 .0 V, a no-load gate 
delay is about 700 ps and power dissipation is about 7 
jxW/gate (cf. the above-cited article, page 985, right col- 

40 umn). 

[0007] It is possible to adjust the threshold voltage of 
the n-HEMT to about zero volt by adding a threshold 
voltage controlling layer formed between the potential 
barrier layer and the gate electrode of the n-HEMT. In 
45 this case, it is necessary to make the controlling layer 
relatively thick, and thus a distance between the gate 
electrode and the semiconductor well layer becomes 
large, which deteriorates the controllability of the 
n-HEMT. 

50 [0008] Another C-HEMT similar to that of Fig. 1 has 
been reported by R.R. Daniels et al. "Complementary 
Heterostructure Insulated Gate FET Circuits for High- 
Speed, Low Power VLSI", IEDM86, IEEE, 1986, pp. 
448-451. 

55 [0009] To lower the threshold voltages of the p-chan- 
nel HEMT and n-channel HEMT, it is possible to form 
these HEMTs on the same semiconductor substrate 
such that a semiconductor laminated structure of the 
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Fig. 1 is a schematic sectional view of a convention- 
al C-HEMT; 

Fig. 2 is a diagram showing drain currents and a 
gate leakage currents depending on a gate voltage; 
5 Fig. 3 is a schematic sectional view of a C-HEMT 

not forming part of the present claimed invention; 
Fig. 4A is an energy band diagram of a semicon- 
ductor multilayer structure of a C-HEMT using a 
GaAs substrate; 
10 Fig. 4B is an energy band diagram of a p-channel 
HEMT of the C-HEMT using a GaAs substrate; 
Fig. 4C is an energy band diagram of an n-channel 
HEMT of the C-HEMT using a GaAs substrate; 
Fig. 5 is an energy band diagram of another semi- 
's conductor multilayer structure of a C-HEMT using 
a GaAs substrate; 

Fig. 6A is an energy band diagram of a semicon- 
ductor multilayer structure of a C-HEMT using an 
InP substrate; 

20 Fig. 6B is an energy band diagram of another sem- 
iconductor multilayer structure of a C-HEMT using 
an InP substrate; 

Fig. 7 is a graph showing switching properties of 
various semiconductor devices; 
25 Fig. 8A is a schematic sectional view of a HEMT 
type semiconductor device according to the present 
invention; 

Fig. 8B is a schematic plane view of the device of 
Fig. 8A; and 

30 Figs. 9A and 9B are diagrams showing a drain cur- 
rent depending on a gate voltage, and an input sig- 
nal and a corresponding output signal from the de- 
vice of Fig. 8, respectively. 

35 DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



former HEMT is different from that of the latter HEMT. 
For example, Japanese Unexamined Patent Publication 
(Kokai) No. 57-2081 74 proposed a complementary FET 
utilizing a two dimensional electron gas and two dimen- 
sional holegas;the FET of which comprises a p-channel 
HEMT having an undoped Ge layer, an undoped GaAs 
layer and a p-GaAs layer successively epitaxially grown 
on an undoped GaAIAs layer formed on a semi-insulat- 
ing GaAs substrate; and an n-channel HEMT having an 
undoped GaAs layer, an undoped GaAIAs layer and an 
n-GaAIAs layer successively epitaxially grown on the 
undoped GaAIAs layer on the substrate, as shown in 
Fig. 9 thereof. 

SUMMARY OF THE INVENTION 

[0010] An object of the present invention is to provide 
a new structure HEMT type semiconductor device hav- 
ing a p-channel layerfor a two dimensional hole gas and 
an n-channel layerfor a two dimensional electron gas, 
the former layer being different from the latter layer. 
[0011] Another object of the present invention is to 
provide a new structure C-H EMT comprising a p-chan- 
nel HEMTand an n-channel HEMT having lowthreshold 
voltages. 

[001 2] Further another object of the present invention 
is to provide a HEMT type semiconductor device oper- 
ating a p-channel H EMT or an n-channel HEMT in a de- 
vice structure having a gate electrode and two elec- 
trodes arranged on both sides of the gate electrode. 
[001 3] The above-mentioned and other objects of the 
present invention are attained by providing a HEMT type 
semiconductor device according to claim 1 . 
[0014] In this HEMT type semiconductor device, the 
device is provided with one gate and two electrodes for 
one FET, which can operate as a p-channel HEMT or 
an n-channel HEMT depending on a gate voltage. 
[0015] It is possible to use semiconductor materials 
as follows; the substrate is GaAs, one of the first well 
layer and second well layer is one of Ge and GaAsSb, 
the other InGaAs, the potential barrier layer is one of 
AIGaAs and AllnGaP, and the threshold voltage control- 
ling layer is GaAs. Furthermore, where the substrate is 
made InP, one of the first well layer and second well lay- 
er is GaAsSb, the other is InGaAs, the potential barrier 
layer is one AllnAs. AIGaAs, and AIGaAsSb, and the 
threshold voltage controlling layer is InP. 
[0016] According to the present invention, since the 
p-HEMT and n-HEMT use the same substrate, buffer 
layer, first and second well layers, and potential barrier 
layer, easier production of the C-HEMT is possible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The present invention will be more apparent 
from the description of the preferred embodiments set 
forth below the reference to the accompanying draw- 
ings, in which; 



[0018] Referring to Fig. 3, a complementary HEMT 
type semiconductor device (C-HEMT) comprises a 

40 semiconductor multilayer structure epitaxially formed on 
a semi-insulating substrate 1 ; the multilayer structure is 
composed of a buffer layer 2 for improving crystallinity 
a first semiconductor well layer3fora p-channel, a sec- 
ond semiconductor well layer 4 for an n-channel, and a 

45 potential barrier layer 5 for a potential barrier against 
carriers. These layers 2, 3, 4 and 5 are successively 
formed (deposited) on the substrate 1 by a continuous 
epitaxial growth method. Onthelayer5, a threshold volt- 
age controlling semiconductor layer 10 is epitaxially 

50 formed by the continuous epitaxial growth method and 
then is selectively removed by a suitable etching meth- 
od. 

[001 9] The semiconductor multilayer structure is sep- 
arated with an isolation region 11 into a p-channel HEMT 
55 area (at a left side) and an n-channel HEMT area (at a 
right side). In the p-channel HEMT area, aSchottky gate 
electrode 12 is formed on the potential barrier layer 5 
and is surrounded with an insulating layer 1 4 on its side, 
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and a p-type source region 6 and a p-type drain region 
7 are formed in the multilayer structure to extend to the 
buffer layer 2 from the barrier layer 5. In the n-channel 
HEMT area ; a Schottky gate electrode 13 is formed on 
thethreshold voltage controlling semiconductor layer 10 
and they are surrounded with an insulating layer 15 on 
their side, and an n-type source region 9 and an n-type 
drain region 8 are formed in the multilayer structure to 
extend to the buffer layer 2 from the barrier layer 5. 
[0020] A source ohmic electrode 1 7 and a drain ohmic 
electrode 18 are formed on the p-type regions 6 and 7, 
respectively, and a source ohmic electrode 19 and an 
drain ohmic electrode 20, respectively. Furthermore, 
suitable interconnections (conductor lines) are formed 
to connect the drain electrodes 1 8 and 20 and to make 
a suitable circuit. Thus, the C-HEMT is complicated. 
[0021] As above-mentioned, the second well layer 4 
can be made of a semiconductor material different from 
that of the first well layer 3 for the p-channel; suitable 
semiconductor materials are selected for the first and 
second well layers to lower both the threshold voltages 
of the p-channel HEMT and n-channel HEMT. Further- 
more, where the potential barrier layer 5 is doped with 
impurities to retain ionized charges (i.e., impurities) after 
an outflow of free carriers, the ionized charge contrib- 
utes an adjustment of potentials of the semiconductor 
well layers. When the layer 5 is doped with n-type im- 
purities, positive ionized charges remain to shift the 
threshold voltage of both the p-channel and n-channel 
HEMTs toward negative. 

[0022] For the n-channel HEMT it is preferable to 
dope the threshold controlling layer 10 with n-type im- 
purities with the result that positive ionized charges re- 
main to shift the threshold voltage of the n-channel 
HEMT toward negative. 

[0023] It is possible to reverse the piling order of the 
semiconductor well layer forthe p-channel layer and the 
semiconductor well layer for the n-channel layer, name- 
ly,the former layer for the p-channel layer is formed on 
the latter layer for the n-channel layer. However, where 
the n-channel semiconductor well layer lies under the 
p-channel well layer, a distance between the Schottky 
gate electrode 1 3 and the layer 3 becomes larger, which 
reduces the controllability of the n-HEMT. Furthermore, 
it is preferable that the distance between the p-channel 
semiconductorwell layerand its gate electrode is almost 
equal to that between the n-channel semiconductorwell 
layer and its gate electrode, since such a condition is 
suitable for operation uniformity of these HEMTs. There- 
fore, it is preferable to form the n-channel semiconduc- 
torwell layer on the p-channel semiconductorwell layer. 

Example 1 

[0024] A C-HEMT not forming part of the present 
claimed invention comprises a semi-insulating GaAs 
substrate 1, the semiconductor multilayer structure 
shown in Fig. 4A, and an n-type GaAs threshold voltage 



controlling layer 1 0, as shown in Fig. 3. The buffer layer 
2 is made of undoped GaAs having a bandgap of about 
1.42 eV; the p-channel semiconductor well layer 3 is 
made of undoped Ge having a bandgap of about 0.66 

5 eV; the n-channel semiconductor well layer 4 is made 
of undoped ln 025 Ga 075 As having a bandgap of about 
1.1 eV, and the potential barrier layer 5 is made of n- 
type ln 0 5 Ga 0 5 As having a bandgap of about 2.0 eV. In 
this case, conduction band bottoms and valence band 

10 top of the semiconductor layers 2 to 5 make a band di- 
agram shown in Fig. 4A, and thus the potential differ- 
ence between the valence band top of the p-channel lay- 
er 3 and the conduction band bottom of the n-channel 
layer 4 is about 0.39 eV. This value is much smaller than 

15 "about 1.0 eV" of the conventional C-HEMT shown in 
Figs. 1 and 2 and comprises a single semiconductorwell 
layer for both the p-channel and n-channel HEMTs. 
[0025] Furthermore, both threshold voltages of the 
p-HEMT and n-HEMT can be lowered to nearly zero in 

20 the following manner. 

[0026] The GaAs buffer layer 2 having a thickness of, 
e.g., about 600 nm, is epitaxially formed on the semi- 
insulating GaAs substrate 1; the undoped Ge layer 3 
having a thickness of, e.g., about 20 nm, is epitaxially 

25 formed on the buffer layer 2, and then the undoped 
ln 0 25Ga 0 75 As layer 4 has a thickness of about 10 nm. 
The n-type Al 0 5 Ga 0 5 As layer 5 having a thickness of, 
e.g., 18 nm and doped with n-type impurities (Si) of 
about 1.4X1 0 18 cm -3 , is epitaxially formed on the layer 

30 4. 

[0027] In the p-channel HEMT, the Schottky gate elec- 
trode 12 is directly formed on the potential barrier layer 
5, and thus a band diagram shown in Fig. 4B is obtained. 
The doped impurities (Si) in the layer 5 are ionized to 

35 generate positive stationary charges, which rises the va- 
lence band top of the p-channel semiconductorwell lay- 
er 3 to a level almost equal to the Fermi level. Accord- 
ingly, the threshold voltage of the p-channel layer 3 be- 
comes almostzero. Atwo dimensional hole gas (2DHG; 

40 hole carriers) is generated in a portion 3H of the p-chan- 
nel layer 3 between the p-type regions 6 and 7. 
[0028] In the n-channel HEMT, the n-type GaAs layer 
1 0 having a thickness of, e.g., 8 nm and doped with n- 
type impurities (Si) of about 1 .4 x 1 0 -18 cm -3 , is epitax- 

45 jally formed on the potential barrier layer 5. The Schottky 
gate electrode 13 is directly formed on the controlling 
layer 10, and thus a band diagram shown in Fig. 4 is 
obtained. The doped impurities (Si) in the layer 10 are 
also ionized to generate positive stationary charges, 

50 which lower the conduction band bottom of the n-chan- 
nel semiconductor well layer 4 to a level almost equal 
to the Fermi level. Accordingly, the threshold voltage of 
the n-channel layer 4 becomes almost zero. A two di- 
mensional electron gas (2DEG; electron carriers) is 

55 generated in a portion 4E of the n-channel layer 4 be- 
tween the n-type regions 8 and 9. 
[0029] Therefore, the C-HEMT consisting of the p- 
channel HEMT and n-channel HEMT having zero 
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threshold voltages and drain current curves, indicated 
with solid lines in Fig. 2, can be obtained. 
[0030] Where a semiconductor layer having a differ- 
ent composition from that of a semiconductor substrate 
is epitaxially grown on the semiconductor substrate, it 
is necessary to consider a lattice matching. When a lat- 
tice constant of the epitaxial layer is different from that 
of the substrate, a thickness of the epitaxial layer is lim- 
ited so as to prevent misfit dislocations from generating. 
In such a case, the epitaxial layer has a strain therein. 
[0031] The C-HEMT shown in Figs. 3 and 4A to 4C is 
produced as follows, for example. 
[0032] The semi-insulating GaAs substrate (wafer) is 
set in a metal organic chemical vapor deposition 
(MOCVD) apparatus to successively and epitaxially 
grow the undoped GaAs buffer layer 2 (about 600 nm 
thick), the p-channel undopted Ge layer 3 (about 20 nm 
thick), the n-channel undoped ln 025 Ga 075 As layer 
(about 10 nm thick), the n-type AI 05 Ga 05 As layer 5 
(about 1 8 nm thick), and the n-type GaAs layer 1 0 (8 nm 
thick), on the substrate. Each of the n-type layers 5 and 
1 0 is doped with Si ions of about 1 .4 x 1 0 18 cm 3 . Then 
B ions are selectively ion-implanted to reach the sub- 
strate 1 at an accelerated energy of about 140 keV and 
a dose of about 4 x 1 0 -13 cm -2 , so that the isolating re- 
gion 11 is formed to separate the semiconductor multi- 
layer structure to the p-channel HEMT area and the n- 
channel HEMT. By using a photomask and a suitable 
etching process, the n-type GaAs layer 1 0 is selectively 
dry-etched to leave a portion thereof as the threshold 
voltage controlling layer on the layer 5 at the n-channel 
HEMT area. 

[0033] Next, a WSi layer is deposited over the layers 
5 and 10 by a sputtering process and is selectively 
etched by using a conventional photolithography to form 
the Schottky gate electrodes 12 and 13 having a gate 
length of about of 1 um A Si0 2 layer is deposited over 
the whole surface by a CVD process and is anisotropi- 
cally etched to leave insulating layers 1 4 and 1 5 on side- 
walls of the gate electrode 1 2 and of the gate electrode 
13 and layer 10, respectively. Then, Be ions are selec- 
tively ion-implanted at an accelerated energy of about 
40 keV and a dose of about 1 .4 x 1 0~ 13 cm -2 by using 
the gate electrode 12 and a suitable resist pattern as a 
mask, and Si ions are selectively ion-implanted at an 
accelerated energy of about 40 keV and a dose of about 
1.4x1 0 -13 cm -2 by using the gate electrode 1 3 and an- 
other suitable resist pattern as a mask. Thereafter, a 
rapid thermal annealing is carried out to form the p-type 
regions 6 and 7 and the n-type regions 8 and 9, which 
extend to the buffer layer 2, as shown in Fig. 3. 
[0034] Then, an AuGe/Ni/Au layer is deposited and 
patterned by a vacuum evaporation method and a lift- 
off process to form the electrodes 1 9 and 20 on the n- 
type regions 9 and 8, and an AuZn/Au layer is deposited 
and patterned by a vacuum evaporation method and a 
lift-off process to form the electrodes 17 and 18 on the 
p-type 6 and 7, respectively. An annealing treatment is 



carried out at about 400°C, for 5 minutes, under a nitro- 
gen atmosphere to complete the ohmic electrodes 17, 
18, 19 and 20. 

[0035] Finally, suitable interconnections (conductive 
5 lines) of, e.g., aluminum or its alloy, are formed to make 
a complementary circuit (C-HEMT) including the p- 
channel HEMT and n-channel HEMT interconnected to 
each other. 

10 Example 2 

[0036] On the semi-insulating GaAs substrate 1 , an- 
other semiconductor multilayer structure shown in Fig. 
5 is formed in the same manner as that in Example 1 . 

15 except for the use of GaAs 0 75 Sb 0 25 f° r the p-channel 
layer 3 instead of the Ge layer. In this case, the multi- 
layer structure comprises a buffer layer 2 which is made 
of undoped GaAs having a bandgap of about 1 .42 eV 
and is 600 nm thick, a p-channel semiconductor well lay- 

20 er 3 which is made of undoped GaAs 0 75 Sb 0 25 having 
a bandgap of about 1 .15 eV and is 20 nm thick, an n- 
channel semiconductor well layer 4 which is made of 
undoped ln 0 25 Ga 0 75 As having a bandgap of about 1 .1 
eV and is 10 nm thick, and a potential barrier layer 5 

25 which is made of p-type Al 0 5 Ga 0 5 As having a bandgap 
of about 2.0 eV and is 12 nm thick; layers 2 to 5 are 
successively and epitaxially formed on the substrate 1 . 
The p-type layer 5 is doped with Be ions of 1 .4 x 1 0 18 
cm -3 to lower the threshold voltage of the p-channel 

30 HEMT to nearly zero. Furthermore, the threshold volt- 
age controlling layer 1 0 is made of n-type GaAs and has 
a thickness of 44 nm, for the n-channel HEMT The n- 
type layer 1 0 is doped with Si ions of about 1.4 x 1 0 18 
cm -3 to lower the threshold voltage of the n-channel 

35 HEMT to nearly zero. 

Example 3 

[0037] A C-HEMT having a structure shown in Fig. 3 

40 is produced by using an InP substrate 1 instead of the 
GaAs substrate and by epitaxially growing a semicon- 
ductor multilayer structure shown in Fig. 6Aor 6B on the 
substrate 1 . The multilayerstructure (Fig. 6A) comprises 
a buffer layer 2 which is made of undoped InP having a 

45 bandgap of about 1 .35 eV and is 600 nm thick, a p-chan- 
nel semiconductor well layer 3 which is made of un- 
doped GaAs 0 5 Sb 0 5 having a bandgap of about 0.9 eV 
and is 1 5 nm thick, an n-channel semiconductorwell lay- 
er 4 which is made of undoped ln 05 Ga 0 5 As having a 

50 bandgap of 0.8 eV and is 15 nm thick, and a potential 
barrier layer 5 which is made of n-type ln 0 5 AI 0 5 As hav- 
ing a bandgap of about 1 .6 eV and is 1 7 nm thick. The 
n-type layer 5 is doped with Si ions of about 1 .4 x 1 0 18 
cm -3 to lower the threshold voltage of the p-channel 

55 HEMT to nearly zero. Furthermore, the threshold volt- 
age controlling layer 10 made of n-type InP and being 
14 nm thick is epitaxially formed on the layer 5 for the 
n-channel HEMT. The n-type layer 10 is doped with Si 
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ions of about 1 .4 x 10 18 cm" 3 to lower the threshold volt- 
age of the n-channel HEMTto nearly zero. 
[0038] As shown in Fig. 6B, the other multilayer struc- 
ture comprises a buffer layer 2 which is made of un- 
doped InP and is 600 nm thick, a p-channel semicon- 
ductor well layer 3 which is made of undoped 
GaAs 0 _25Sb 0 _75 having a bandgap of about 0.7 eV and 
is 10 nm thick, an n-channel semiconductor well layer 4 
which is made of undoped ln 075 Ga 025 As having a 
bandgap of 0.6 eV is 1 0 nm thick, and a potential barrier 
layer 5 which is made of n-type ln 0 5 AI 0 5 As and is 20 
nm thick. The n-type layer 5 is doped with Si ions of 
about 1 .4 x 1 0 1 8 cm -3 to lower the threshold voltage of 
the p-channel HEMT to nearly zero. Furthermore, the 
threshold voltage controlling layer 1 0 made of n-type InP 
and being 2 nm thick is epitaxially formed on the layer 
5 for the n-channel HEMT. The n-type layer 1 0 is doped 
with Si ions of about 1 .4 x 10 18 cnrr 3 to lower the thresh- 
old voltage of the n-channel HEMT to nearly zero. 
[0039] As is evidentfrom Figs. 4A, 5, 6A and 6B, from 
the viewpoint of the hole energy, the top of the valence 
band of the p-channel semiconductorwell Iayer3 is low- 
er than the tops of the buffer Iayer2 and n-channel sem- 
iconductor well layer 4 and potential barrier layer 5, 
while from the viewpoint of electron energy, the bottom 
of the conduction band of the n-channel semiconductor 
well layer 4 is lower than the bottoms of the buffer layer 
2, p-channel semiconductorwell layer 3 and potential 
barrier layer 5. Therefore, carriers (holes or electrons) 
are injected into the semiconductorwell layers 3 and 4 
to confine the holes in the layer 3 and the electrons in 
the layer 4, respectively. Moreover, these semiconduc- 
tor multilayer structure can lower the threshold voltages 
of both the p-channel and n-channel HEMTs of a con- 
ventional C-HEMT. The formation of the threshold volt- 
age controlling layer and the modulation doping for the 
potential layer and the controlling layer can adjust the 
threshold voltages to almost zero. 
[0040] Figure 7 shows switching properties of various 
semiconductor devices. In Fig. 7, the abscissa indicates 
a power and the ordinate indicates a delay time. For ex- 
ample, when a conventional C-HEMT having a gate 
length of about 1 u.m is operated at a supply voltage of 
1 V or 1 .5 V, it has a performance indicated with a point 
C1 or C2, respectively. These performances are equiv- 
alent to those of C-MOS. The C-HEMT according to the 
present invention having a gate length of about 1 .0 or 
0.25 jim will operate at a supply voltage of 1 V, and it 
would have a performance indicated with a point P1 or 
P2, respectively. Thus, it is possible to obtain a C-HEMT 
having improved characteristics. 
[0041] According to an embodiment of the present in- 
vention, the above-mentioned semiconductor multilayer 
structure is utilized to provide a HEMT type semicon- 
ductor device serving as a mutilfunction element, as 
shown in Figs. 8A, 8B, 9A and 9B. 
[0042] As shown in Fig. 8A, the HEMT type semicon- 
ductor device comprises a semiconductor substrate 31 



of, e.g., semi-insulating GaAs, a buffer layer 32 of, e.g ; 
undoped Ge, a p-channel semiconductor well layer 33 
of, e.g., undoped ln 0 2 5Ga 075 As, and a potential barrier 
layer 35 of, e . g . , n-type Al 0 5 Ga 0 5 As; layer 32 to 35 

5 being successively and epitaxially grown on the sub- 
strate 31 by an MOCVD method. Such a multilayer 
structure is similarto that shown in Fig. 4Aof the Exam- 
ple 1 . the n-type AI 05 Ga 0 5 As layer 35 is doped with Si 
ions of about 1.4 X 10 18 cm -3 and has a thickness of 

10 about 22 nm. It is possible to use the semiconductor 
multilayer structure shown in Figs. 5, 6A and 6B, and to 
reverse the p-channel layer and the n-channel layer. 
[0043] A Schottky gate electrode 36 of, e.g., WSi, is 
selectively formed on the potential barrier layer. Then, 

15 Be ions are selectively ion-implanted at an accelerated 
energy of about 40 keV and a dose of about 1 .4 x 1 0 13 
cm -2 by using a suitable resist pattern as a mask, and 
Si ions are selectively ion-implanted at an accelerated 
energy of about 40 keV and a dose of about 1.4x1 0 13 

20 cm -2 by using another suitable resist pattern as a mask 
to form p-type regions 37a to 37f and n-type regions 38a 
to 38f, as shown in Figs. 8A and 8B. Each of the doped 
regions extends to the buffer layer 32. The p-type re- 
gions 37a, 37b and 37c and the n-type regions 38a, 38b 

25 and 38c are alternately arranged to make a line on one 
side of the gate electrode 36, while the p-type regions 
37d, 37e and 37f and the n-type regions 38d, 38e and 
38f are alternately arranged to make a line on the other 
side of the gate electrode 36. Thereafter, a rapid thermal 

30 annealing is carried out. 

[0044] Then, a metal (e.g., Au) layer is deposited and 
patterned by a vaccum evaporation method and a lift- 
off process to form ohmic electrodes 39 and 40 on the 
doped regions in the shape of two stripes. 

35 [0045] When the obtained H EMT type semiconductor 
device is controlled with a gate voltage applied on the 
Schottky gate electrode, the device operates as shown 
in Figs. 9A and 9B. Namely, at a negative gate voltage 
the two dimensional hole gas is generated in a portion 

40 of the p-channel semiconductorwell layer 33 and the p- 
channel HEMT operates, while at a positive gate volt- 
age, the two dimensional electron gas is generated in a 
portion of the n-channel semiconductor well layer 34 
and the n-channel HEMT operates as shown in Fig. 9A. 

45 in this case, Fig. 9A is obtained under conditions of 
about a 1 0 (am gate width and about a 1 ( um gate length , 
and the threshold voltages of the p-channel and n-chan- 
nel HEMTs are not reduced to zero. Therefore, an input 
of the gate voltage varies at an oscillation between a 

50 negative voltage and a positive voltage, with the result 
that an output of the drain current from the device varies, 
as shown in Fig. 9B. When the input (gate) voltage var- 
ies from positive to negative, the output current is ob- 
tained as a full-wave rectification state, whereby a dou- 

55 ble frequency generator can be constituted of only the 
obtained device (element) provided with one gate elec- 
trode and two ohmic electrodes. 
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einer Halbleiterpufferschicht (32), die auf dem 
Substrat gebildet ist; 

einer ersten Halbleitermuldenschicht (33), die 
auf der Pufferschicht gebildet ist und als Kanal- 
5 Schicht eines ersten Leitfahigkeitstyps dient; 

einer zweiten Halbleitermuldenschicht (34), die 
auf der ersten Muldenschicht gebildet ist und 
als Kanal-Schicht eines zweiten Leitfahigkeits- 
typs dient, der zu der ersten Leitfahigkeit ent- 
10 gegengesetzt ist; und 

einer Potentialbarrierenschicht (35), die auf der 
zweiten Muldenschichtgebildetistundeine Po- 
tentialbarriere fur Trager bildet; 
einer Gateelektrode (36), die auf der Potential- 
's barrierenschicht gebildet ist; 

einem Paarvon ohmschen Elektroden (39, 40), 
die auf der Potentialbarrierenschicht gebildet 
sind und auf beiden Seiten der Gateelektrode 
angeordnet sind; 
20 p-Typ-Zonen (37a bis 37f), die sich von der Po- 

tentialbarrierenschicht zu der Pufferschicht je- 
weilig unterden ohmschen Elektroden erstrek- 
ken; und 

n-Typ-Zonen (38a bis 38f), die sich von der Po- 
25 tentialbarrierenschicht zu der Pufferschicht je- 

weilig unterden ohmschen Elektroden erstrek- 
ken, 

welche p-Typ-Zonen und n-Typ-Zonen langs 
der Langsrichtung der ohmschen Elektroden 
30 (39, 40) aneinandergrenzend angeordnet sind, 

wobei die p-Typ-Zonen und n-Typ-Zonen auf 
beiden Seiten der Gateelektrode alternierend ange- 
ordnet sind, um eine zeile auf einer Seite der ge- 
35 nannten Elektrode und eine Zeile auf der anderen 
Seite der genannten Elektrode zu bilden. 

2. Halbleitervorrichtung nach Anspruch 1 , bei der das 
Substrat (31) ausGaAs ist, eine von der ersten Mul- 
40 denschicht (33) und der zweiten Muldenschicht (34) 
aus einem von Ge und GaAsSb ist, die andere aus 
InGaAs ist und die Potentialbarrierenschicht (35) 
aus einem von AIGaAs und AllnGaP ist. 

45 3. Halbleitervorrichtung nach Anspruch 1 , bei der das 
Substrat (31) aus InP ist, eine von der ersten Mul- 
denschicht (33) und der zweiten Muldenschicht (34) 
aus GaAsSb ist, die andere aus InGaAs ist und die 
Potentialbarrierenschicht (35) aus einem von All- 

50 nAs, AIGaAs und AIGaAsSb ist. 



Claims 

1. A HEMTtype semiconductor device comprising: 

a semiconductor substrate (31); 

a buffer semiconductor layer (32) formed on 

said substrate; 

a first semiconductor well layer (33) formed on 
said buffer layer and serving as a first conduc- 
tivity type channel layer; 
a second semiconductor well layer (34) formed 
on said first well layer and serving as a second 
conductivity type opposite said first conductiv- 
ity, channel layer; and 

a potential barrier layer (35) formed on said 
second well layer and forming a potential bar- 
rier for carriers; 

a gate electrode (36) formed on said potential 
barrier layer; 

a pair of ohmic electrodes (39. 40) formed on 
said potential barrier layer and located on both 
sides of said gate electrode; 
p-type regions (37a to 37f) extending from said 
potential barrier layer to said buffer layer under 
said ohmic electrodes, respectively; and 
n-type regions (38a to 38f) extending from said 
potential barrier layer to said buffer layer under 
said ohmic electrodes, respectively, 
said p-type regions and n-type regions being 
disposed adjacent to each other along the lon- 
gitudinal direction of said ohmic electrodes (39, 
40), 

said p-type regions and n-type regions being 
alternately arranged on both sides of the gate 
electrode to make a line on one side of said 
electrode and a line on the other side of said 
electrode. 

2. A semiconductor device according to claim 1 , 
wherein said substrate (31) isGaAs, one of said first 
well layer (33) and second well layer (34) is one of 
Ge and GaAsSb, the other is InGaAs, and said po- 
tential barrier layer (35) is one of AIGaAs and Alln- 
GaP. 

3. A semiconductor device according to claim 1 , 
wherein said substrate (31) is InP, one of said first 
well layer (33) and second well layer (34) is 
GaAsSb, the other is InGaAs, and said potential 
barrier layer (35) is one of AllnAs, AIGaAs and AI- 
GaAsSb. 



Patentanspruche 

1. Halbleitervorrichtung des HEMT-Typs mit: 
einem Halbleitersubstrat (31); 



Revendications 

55 1. Dispositif a semiconducteur du type a transistors a 
haute mobilite electronique, ou HEMT 
comprenant : 
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un substrat semiconducteur (31) ; 
une couche semi con duct rice tampon (32) for- 
mee sur ledit substrat ; 

une premiere couche de puits semiconductrice 
(33) formee su r ladite couche tampon et faisant 5 
fonction d'une couche de canal d'un premierty- 
pe de conductivity ; 

une deuxieme couche de puits semiconductri- 
ce (34) formee sur ladite premiere couche de 
puits et faisant fonction d'une couche de canal 10 
du deuxieme type de conductivity oppose 
audit premier type de conductivity ; et 
une couche barriere de potentiel (35) formee 
sur ladite deuxieme couche de puits et formant 
une barriere de potentiel pour des porteurs ; 15 
une electrode de grille (36) formee sur ladite 
couche barriere de potentiel ; 
une paire d'electrodes ohmiques (32, 40) for- 
mees sur ladite couche barriere de potentiel et 
placees de part et d'autre de ladite electrode 20 
de grille ; 

des regions de type p (37a a 37f) s'etendant 
respectivement de ladite couche barriere de 
potentiel a ladite couche tampon, sous lesdites 
electrodes ohmiques ; et 25 
des regions de type n (38a a 38f) s'etendant 
respectivement de ladite couche barriere de 
potentiel a ladite couche tampon, sous lesdites 
electrodes ohmiques, 

lesdites regions de type p et lesdites regions de 30 
type n etant disposees au voisinage I'une de 
I'autre suivant la direction longitudinale desdi- 
tes electrodes ohmiques (39, 40), 
lesdites regions detype p et lesdites regions de 
type n etant disposees de maniere alterneedes 35 
deux cotes de I'electrode de grille de facon a 
former une ligne d'un premier cote de ladite 
electrode et une ligne de I'autre cote de ladite 
electrode. 

40 

2. Dispositif a semiconducteur selon la revendication 
1 , ou ledit substrat (31 ) est fait de GaAs, I'une des- 
dites premiere et deuxieme couches de puits (33 et 
34) est faite de I'un des materiaux Ge et GaAsSb, 
I'autre est faitede I nGaAs, et ladite couche barriere 45 
de potentiel (35) est faite de I'un des materiaux Al- 
GaAs et AllnGaP. 

3. Dispositif a semiconducteur selon la revendication 

1 , ou ledit substrat (31) est fait de InP, I'une desdites so 
premiere et deuxieme couches de puits (33 et 34) 
est faite de GaAsSb, I'autre est faite de InGaAs, et 
ladite couche barriere de potentiel (35) est faite de 
I'un des materiaux AllnAs, AIGaAs et AIGaAsSb. 

55 
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Fig. 4A 
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Fig. 5 
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Fig. 8 A 
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Fig. 9 A 
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